Abstract This paper describes the stress characterization of a cantilever structure of a piezoresistive microflowmeter using micro-Raman spectroscopy. In order to obtain the relationship between the stress and the shift of Raman frequency, the mechanical stress in the structure was assumed to be uniaxial according to the applied loading and the boundary conditions. Also, the two-dimensional stress distribution of the structure was simulated using a finite element tool (ABAQUS v6.2). The experimental results agree well to those predicted by the finite element simulation. It is concluded that micro-Raman spectroscopy is an accurate, non-destructive technique for measuring Microelectromechanical systems (MEMS) local stress with micrometer spatial resolution.
Introduction
Microelectromechanical systems (MEMS) are evolving at a rapid rate in a wide variety of applications [1] . Micromachined piezoresistive structures are among the most popular approaches to microsensors. In these micromachined devices, accurate characterization of mechanical stress is crucial for the successful design, fabrication and operation [2] .
The mechanical stress field can be obtained by finite element modeling (FEM). However, there has been few experimental verification of FEM used in structure design. Several experimental methods can deliver information on mechanical stress in MEMS devices. The most important techniques are X-ray diffraction, transmission electron microscopy (TEM), and micro-Raman spectroscopy; all of these methods have advantages and disadvantages. As devices become smaller, spatial resolution becomes a more and more important criterion to decide the usefulness of a technique for stress measurement in MEMS. For X-ray diffraction, the size of the probing spot is in the range of 1 mm 2 . The TEM method reaches spatial resolutions of a few nanometers, but the main disadvantages of it are the destructive sample preparation and the extensive modeling required to extract the stress information from the measurement.
Micro-Raman spectroscopy reaches neither the stress sensitivity of X-ray diffraction nor the spatial resolution of TEM, but it has been recognized to be a promising technique for rapid and non-destructive stress measurement with micrometer spatial resolution [3, 4] . As an example of such verification, we considered the applied bending stress in a micromachined piezoresistive cantilever structure, to show that micro-Raman spectroscopy can be used as an effective measuring technique to determine local and induced stress in MEMS devices.
Sample preparation
The silicon structure of interest is shown in Fig. 1 , which is composed of two different plates with geometries of ð400 Â 250Þ lm 2 and ð1300 Â 1150Þ lm 2 . This suspension structure with a piezoresistor at its root has been applied to a gas microflowmeter [5] . The structure is 25 lm thick. The top surface shown in Fig. 1 is the (1 0 0) plane and the axis of the cantilever is oriented parallel to the [110] direction of single crystal silicon.
Fabrication process
The complete fabrication was performed at Institute of Microelectronics of Peking University and its process is illustrated in Fig. 2 . An n-type (100) silicon wafer was used as substrate. After growing a 100 nm thickness thermal oxide layer, Mask 1 was used to pattern windows, through which boron for p-type piezoresistors was implanted (Fig. 2a) . Subsequently, wet oxidation was carried out at 1100 C for 10 minutes in order to drive boron to desired depth and grow oxide for the next diffusion step. The resistance of the piezoresistors was about 3.5 kX. Next step is P+ diffusion; Mask 2 was used to pattern P+ areas that would be ohmic contact between p-type piezoresistors and metal lines. A reactive ion etcher (RIE) flow was followed to remove oxide film (Fig. 2b) . Next, the second diffusion was defined by Mask 3 and N+ region was formed, making the substrate equipotential (Fig. 2c) .
Oxide on both surfaces of the wafer was stripped. A new oxide/nitride bi-layer was deposited by low-pressure chemical vapor deposition (LPCVD) in order to create a mask for the following anisotropic wet chemical etching. The thicknesses of the oxide and nitride were 400 and 160 nm, respectively. The backside oxide/nitride was patterned using Mask 4, and a membrane was fabricated by KOH solution (Fig. 2d) . By choosing etching time and parameters of the etchant, desired size and thickness of the membrane, 1500 and 25 lm for these devices, were achieved.
Subsequently, the nitride layer was removed. Mask 5 was used to open contact windows on the left oxide layer. Aluminum was deposited by sputtering and patterned by Mask 6, followed by an annealing process at 450 C for 30 min (Fig. 2e) .
Finally, Mask 7 for etching holes in the membrane was used. The silicon membrane was etched by an inductive coupled plasma (ICP) system (Fig. 2f) . ICP systems have excellent performance on geometry shaping, especially for such a structure with low depth about 25 lm. However, slight under-cut occurred at the fringe of the etched patterns. This phenomenon is called notching [6] , which affected the shape of our microstructures in some sort and introduced a little error between the designed model and the practical devices.
After fabrication, an 80 lm diameter and 1 mm length wire was placed on the top surface near the end of the suspension structure. The wire was aligned parallel to the [À110] direction in order to avoid torsion effects during the following loading process. The whole structure with the wire on it was inserted between two parallel glassslides, as shown in Fig. 3 . After the two glass-slides were clamped together and closed to each other, the deflection of the loading position, i.e. the position where the wire lay, was measured to be 74.1 lm. The error in this optical measurement is estimated to be about 1 lm. The distance from the loading position to the end edge was measured to be about 200 lm.
Analytical model (Euler beam theory)
The induced stress in the structure can be studied using an analytical model, based on the theory of materials mechanics [7] . Here the cantilever plate is considered to be an Euler beam with two different inertia moments, I 1 and I 2 , as shown in Fig. 4 . This implies the following assumptions: (i) the structure is homogeneous and perfectly elastic; (ii) the structure deforms in pure bending; and (iii) Poisson contraction or expansion is not constrained. It should be remarked that generally the third assumption is valid for narrow beams. We accept it because the Poisson's ratio of silicon for the orientation under consideration is very small (only 0.064 in [8] ).
As illustrated in Fig. 4 , the method of superposition can be used to determine the force P acting on point C. The Young's modulus of the material is E, and the lengths of the parts AB and BC are L 1 and L 2 , respectively. First, we imagine that point B of the structure is held rigidly so that it neither deflects nor rotates, then the deflection d C of point C will be:
However, the part AB of the structure also behaves like a cantilever and contributes to the deflection of point C. The deflection d B and rotation angle h B of point B are:
The deflection d B and rotation angle h B make an additional contribution to the deflection of point C. Therefore, the total deflection of point C is:
Recall that the deflection d has been measured to be 74.1 lm. By Eqs. (1-3), the load P can be calculated to be 17.22 mN. The value of the Young's modulus used in the above calculation is 169 GPa, which is the value along the [110] direction in the (001) plane of silicon. Therefore, the spatial variation of r xx in the part AB is given by
This model predicts that the maximum tensile stress, which is a quantity of interest to designers, occurs at the root of the cantilever structure. However, the assumptions of Euler beam are expected to be invalid in some region due to the structure width as well as the stress concentration at the corners. In order to take these effects into consideration, numerical analysis was performed using the finite element model.
Finite element model (FEM)
The stress in the sample was analyzed using a finite element tool-ABAQUS v6.2. Two-dimensional finite element model was created using the 8-node shell element and totally 2136 elements were employed in the mesh(as shown in Fig. 5 (1 0 0) plane [8] . Fixed boundary conditions were applied to the root of the cantilever structure, and displacement of 74.1 lm was applied to the loading position.
In the region near the support, the maximum difference of 70-80 MPa in r xx occurs through the structure width. The maximum tensile stress occurs at the corners of point B, indicating a modest stress concentration. The FEM results also indicate that the normal stress along x axis is much larger than the other stress components.
3 Micro-Raman spectroscopy
Theory
One of the first papers theoretically addressing the effect of strain on Raman frequency was written by Ganesan et al. [9] . The relation between Raman shift and mechanical strain for diamond-structured crystals can be obtained by solving the following ''secular equation'':
where p, q, r are the photon deformation potentials [10] , which are material constants, and e ij are the strain tensor components. The eigenvalues, k, give the relation between the shift of Raman frequency and the strain. If the Raman frequency under study is x and its stress-free value is x 0 (520 cm À1 for silicon), the shift of Raman frequency induced by the strain, Dx, is given by:
According to Eqs (5) and (6) , all the six strain tensor components influence the position of the Raman peak, but in experiment only one peak is observed. It is impossible to obtain the six unknown variables from one experimental value. So some prior assumptions concerning the magnitude of the different strain tensor components are required. In the simplest approximation, it has been assumed that only the normal stress along the [110] direction, r 0 11 , is nonzero in our sample. In the presence of this uniaxial stress assumption, the secular equation has to be solved. Because the secular equation is given in the reference system x ¼ ½100, y ¼ ½010, and z ¼ ½001, we have to calculate the strain components in this system. Firstly, the strain components, e 0 ij , in the sample system x 0 ¼ ½110, y 0 ¼ ½À110, and z 0 ¼ ½001 are calculated using Hooke's law: 
where S ij are the elements of the compliance tensor in the reference system. Next, the strain tensor is rotated to the reference system. This results in: When the silicon lattice is strained, the frequencies of the photon modes can change from the stress-free value. For our specific case of a uniaxial stress applied along the [110] direction, De Wolf et al. [11] have calculated that only the third photon mode, i.e. the longitudinal mode, will be visible. So:
The experimental values of the parameters of single crystal silicon in Eq. (9) are given by references [8, 12] :
Thus, the linear relation between the shift of Raman frequency and the uniaxial stress along the [110] direction is calculated to be:
By Eq. (11), the uniaxial stress in our sample can be derived from the measured shift of Raman frequency. An increase of Raman frequency indicates tensile stress, and a decrease of Raman frequency indicates compressive stress.
In the following experiments, we measured the stress map of the narrow part of the sample and compared the results with those predicted by analytical and finite element models.
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Raman measurements
The measurements of the induced stress in the cantilever structure were performed using a Renishaw system (model RM3000) in backscattering mode. The laser was incident on the (0 0 1) surface of the sample through a 20Â microscope objective, and the scattered light was collected using the same objective. The laser used was a He-Ne laser at 632.8 nm, and the laser power on sample was limited to 2.5 mW to minimize sample heating. First, we used a piece of unstrained silicon as reference. In this case, we did reference measurements with this unstrained silicon before and after the sample scan to see whether a frequency change had occurred. However, external factors, such as the instrument stability and the room temperature, affected the position of the Raman frequency, so it was difficult for us to obtain the exact frequency change induced by the strain. For the purpose of calibration, the plasma lines of the laser were utilized, because their frequency is determined by the laser tube and will not change during the investigation. As indicated in Fig. 6 , we can clearly see the silicon Raman peak and some very thin plasma lines in the spectra.
Experimental scans were performed on the bottom surface of the narrow part of the sample (as shown in Fig. 7) . We didn't map the top surface because the ion implantation process could affect the Raman frequency (Fig. 8) . The scan region was ð400 Â 250Þ lm 2 and the thickness of the sample was 25 lm. In order to obtain the accurate position the peaks in Raman spectrum, the measured silicon Raman peaks were fitted with a Lorentzfunction, and the plasma lines of the laser tube were fitted using a Gauss-function.
Results and discussion
The result of this 11 Â 11 two-dimensional scan over the entire investigated region, giving the uniaxial compressive stress map at the bottom surface, is given in Fig. 9 . At the top surface, the stress map is expected to be reversed. We also measured the stress at the top surface along line 2 in Fig. 7 , since this line didn't go through the ion diffusion regions. It is clear that the experimental results of the top stress scan and bottom stress scan have the same absolute value and opposite sign, as shown in Fig. 10 .
Next, we considered the mechanical stress along line 1 in Fig. 7 , where piezoresistors are generally located. Figure 11 gives the stress profiles from the analytical model, finite element model and experimental measurement. The experimental results were found to be in good agreement with the prediction of FEM along the entire line, the stress matches to 6%. Also, it is clear that the Euler beam model overestimates the stress. Our calculation indicates that the analytical solution given by Euler beam model overestimates the stress by 10-30% in the scan region. This error occurs because the assumptions of Euler beam model are violated in the investigated region.
The penetration depth d p (10% intensity left) of the 632.8 nm He-Ne laser in single crystal silicon can be obtained by [13] : Fig. 6 . Raman spectrum of silicon with plasma lines 
where a is the absorption coefficient of silicon. For the 632.8 nm (1.96 eV) He-Ne laser, a is 3:94 Â 10 3 cm À1 [14] , and the penetration depth is calculated to be 2.919 lm. This indicates that the Raman scattering light in our measurement contains not only the stress information at the top (or bottom) surface, but also that of the inner materials. This can partially explain the fact that most experimental results are lower than those predicted by FEM.
Conclusions
We have measured the induced and local stress in a bulkmicromachined piezoresistive structure with microRaman spectroscopy, and modeled the structure using Euler beam model and finite element model. The following conclusions can be made:
1. Micro-Raman spectroscopy can offer an accurate, nondestructive measurement for local stress in MEMS device. In our measurement, the experimental results agree well with those predicted by the finite element model (the stress matches to 6%). 2. Analytical model based on Euler beam theory significantly overestimate the stress to 10-30% for our structure. This is caused by the fact that the structure width and the stress concentration violate the assumptions of Euler beam theory. 3. The spatial resolution is less good due to the long wavelength of He-Ne laser. The laser penetrates deep in the silicon, so the measured results contain the stress information of the materials beneath the surface.
There are several possible sources inducing the error between the measurement and FEM: (1) the imperfect assumption of uniaxial stress in measurement, (2) improper identification of boundary conditions in FEM, (3) the use of material properties of silicon for boron/phosphorus implanted region, (4) imprecise dimension of etched structures, and (5) sample heating induced by laser.
